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(54) Copper circuit formed by kinetic spray 

(57) The invention concerns a copper-based circuit 
liaving an electrically Insulatlve substrate, a bond layer 
including silver formed over select portions of the sub- 
strate according to a desired shape of the circuit, and 
an electrically conductive layer Including plastically de- 
formed particles of copper deposited on the bond layer. 
Furthemnore, the invention also concerns a process for 
ronnlng a copper-based circuit, wherein the process In- 
cludes the steps of providing an electrically insulatlve 
substrate, forming a bond layer including silver over se- 



lect portions of the substrate according to a desired 

shape of the circuit, and depositing copper on the bond 
layer by the steps of introducing copper particles into a 
pressurized carrier gas, forming the pressurized carrier 
gas and the copper particles into a supersonic jet, and 
directing the Jet toward the bond layer formed over the 
substrate such that the Jet has a velocity sufficient to 
cause plastic defomiation of the copper particles onto 
the bond layer, thereby fomning an electrically conduc- 
tive layer on the bond layer. 
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Description 
TECHNICAL FIELD 

[0001 ] The present Invention relates to copper-based 
Interconnect circuits formed on substrates. 

BACKGROUND OF THE INVENTION 

[0002] With the Increased incorporation of electronic 
components and electrical systems in modern motor ve- 
hicles, there Is a greater need for components and sys- 
tems having circuits with high-current and better thermal 
management capabilities. Circuits with such capabilities 
are necessary to satisfy the high -power applications and 
requirements which are common in such modem motor 
vetiicies. in addition to automotive applications, such 
circuits may lead to improved thermal management in 
electronic devices ranging from SCR's to higii power 
MOSFETs and microprocessors. In general, for a circuit 
to meet such criteria, the metai conducting path must 
be sufficiently thlcl< to minimize heat generation and to 
conduct or spread the heat or themial energy to assist 
In circuit cooling. 

[0003] One prior art solution to fabricating thicl< cir- 
cuits with high-current and better themnai management 
capabilities has been to utilize ultra-thlckfilm technology 
In which a circuit line of silver is screen printed In single 
or multiple layers, depending on the required thiclcness 
of the circuit. For examples, see United States Patent 
Number 5,395,679 issued to Myers et a/ on March 7, 

1995, and see also United States Patent Number 
5,527,627 Issued to Lautzenhiser et af on June 16, 

1996. However, in attempting to fonn a circuit line of a 
particular thicl<ness by overlay printing of multiple layers 
of silver, the first layer Is limited to a practical thickness 
of only about 0.15 Is millimeters (6 mils). Additional lay- 
ers are limited to thicknesses of only about 0.075 mil- 
limeters (3 mils). In addition to having to print multiple 
layers on top of each other to obtain a circuit line with 
sufficient thtekness, It Is also necessary to fire each de- 
posited layer before proceeding to deposit the next lay- 
er. Thus, aflrstdrawbackto this method isthat it requires 
multiple processing steps and additional time to fomn a 
sufficiently thick multi-layer circuit line wherein each lay- 
er must be fired before the next layer can be applied. In 
addition, a second drawback to this method is that, when 
dealing with surface nrK)unt technologies (SMT), there 
are significant problems associated with soldering apre- 
fabricated electronic component to a silver circuit line. 
This includes silver leaching during the solder reflow 
process, and the undeslred growth of brittle tin-silver in- 
temnetaliic compounds. 

[0004] Another approach Is to utilize a process for the 
matalllzatlon of alumina called "direct bond copper." 
See, for example, United States Patent Number 
3,993,411 issued to Babcock et al on November 23. 
1 976. In this process, a thin copperf oil Is directly bonded 



to an alumina substrate under a very stringently control- 
led environment. The desired circuit line, which Is to be 
fonned from the copper foil, is covered and protected 
with a chemical-resist mask, and the remaining copper 
5 foil which is not protected by the mask is thereafter 
etched away, in this way, the remaining un-etched cop- 
per foil defines the circuit line. However, with this ap- 
proach, the thickness of the copper circuit line Is limited 
to about 0.5 millimeters (20 mils) because a thicker cop- 
to per circuit line would begin to exhibit poorer adhesion to 
the alumina substrate. In addition, a thicker copper foil 
Is more expensive to process because of the additional 
time required to etch the unprotected thicker copper foil. 
[0005] Although both of the above-mentioned meth- 
t3 ods Involve standard processes, neither one of them 
provides a low-cost wayto fabricate sufficiently thick cir- 
cuit lines having hlgh-cun'ent and good thennai man- 
agement capabilities. Thus, there remains a present 
need in the art for the low-cost fabrication of thick films 
so of copper, preferably several millimeters thick, having 
high-current and good thermal management capabili- 
ties. An example of a high cunrent application Is one re- 
quiring electrical cun'ent on the order of 10 to 200 am- 
peres. 

25 

SUMMARY OF THE INVENTION 

[0006] The present invention provides a copper- 
based circuit for use in high-current applications. Ac- 

30 cording to one embodinnent of the invention, the copper- 
based circuit has an electrically insulative substrate, a 
bond layer Including silver which Is fonned over select 
portions of the substrate according to a desired shape 
of the circuit, and an electrically conductive layer Includ- 
ing plastically deformed particles of copper deposited 
on the bond layer. In another embodiment of the Inven- 
tion, the copper particles are directly deposited onto a 
substrate without utilizing a bond layer. The copper par- 
ticles are selected to have particle size in a range which 

^0 pennits adherence to the substrate without the bond lay- 
er. As used herein, the temi particle size refers to the 
size of particles obtained by sieve. The term particle size 
and the term particle diameter are typically used inter- 
changeably in the art. Here, as stated, such relates to 

45 the dimension obtained by sieving. 

[0007] According to preferred embodiments of the 
present Invention, the substrate may include aluminum 
oxide, aluminum nitride, or boron nitride. The bond layer 
may include, for example, a silver-palladium alloy. In 

so one embodiment of the present invention, the bond layer 
has a preferred thickness of approximately 1 0 to 12 mi- 
crometers. 

[0008] In another aspect, the present Invention also 
provides a process for fonrnlng the copper-based circuit 
55 on a substrate. In one aspect, the process includes the 
steps of providing an electrically Insulative substrate, 
fomiing a bond layer Including silver over select porttons 
of the substrate according to a desired shape of the clr- 
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cult, and depositing copper on the bond layer. According 
to one alternative of the process, the silver-based bond 
layer Is placed over select portions of the substrate by 
a screen printing technique. 

[0009] The step of depositing copper on the bond lay- ^ 
er Includes the steps of Introducing copper particles Into 
a pressurized carrier gas, fonnlng the pressurized car- 
rier gas and the copper particles Into a supersonic Jet, 
and directing the Jet toward the bond layer. The jet has 
a velocity sufficient to cause plastic detormation of the 
copper particles onto the bond layer In this way, an elec- 
trically conductive layer Is thereby formed on the bond 
layer and is well-adhered thereto. 
[0010] Desirably, each copper particle has a diameter 
of about 25 micrometers to about 150 micrometers. 
Preferably, each copper particle has a diameter of about 
45 micrometers to about 65 micrometers when depos- 
ited onto a bond layer. Preferably, the particles have a 
size of 45 micrometers or less when deposited without 
a bond layer. Most preferably, the particles have a size 
of 25 micrometers or less when deposited onto a sub- 
strate without the bond layer. While the powder particles 
are roughly spherical, the deposited particles have been 
somewhat flattened (aspect ratios in the range of 3:1 to 
5:1). Deposited particles tend to fill available volume 
(voids) In the coating. 

[0011] Preferably, the carler gas has a pressure of 
about 1 .2 MPa to about 2 MPa, and has a temperature 
of about 1 0O^C to about 500''C. The Jet is preferably di- 
rected substantially normal with respect to the surface 
of the bond layer fonned over the substrate. In addition, 
the jet Is directed at the surface of the bond layer on the 
substrate from a preferred standoff distance of about 4 
millimeters to about 45 millimeters, and more preferably 
from a standoff distance of about 6 millimeters to about 
44 millimeters. Most preferably, the Jet is directed to the 
surface of the bond layer from a standoff distance of 
about 1 9 millimeters. In this way, the kinetic energies of 
the copper particles are transferred to the bond layer 
upon Impact such that the copper particles are plastical- 
ly deformed and will properly accumulate and adhere to 
the bond layer. 

[0012] Advantages, design considerations, and appli- 
cations of the present invention will become apparent to 
those skilled in the art when the detailed description of 
thebestmodecontempiatedfor practicing the Invention, 
as set forth herelnbelow, is read in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The present invention will now be described, 
by way of example, with reference to the following draw- 
ings. 

[0014] Figure 1 is a cross-sectional view particularly 
highlighting a spray nozzle for directing copper particles 
onto a silver bond layer fonned upon an alumina sub- 
strate. 



[0015] Figure 2 Is a view particularly highlighting a ki- 
netic spray system layout. 

[001 6] Figure 3 Is a side view particularly highlighting 
the deposition and plastic defomnation of copper parti- 
cles onto a silver bond layer fonned upon an alumina 
substrate. 

[0017] Figure 4 Is an illustration of deposited copper 
particles deposited onto and bridging strips of silver 
bond layers formed upon an alumina substrate. 
[0018] Figure 5 is a partial sectional and a partial per- 
spective view of an alumina substrate with parallel strips 
of silver bond layers having layers of copper particles 
deposited thereon. 

[0019] Figure 6 is an end view of a kinetic spray nozzle 
oriented such that the rectangular exit aperture is In a 

vertical position. 

[0020] Figure 7 Is an end view of a kinetic spray nozzle 
oriented such that the rectangular exit aperture is rotat- 
ed 90*", as compared to Figure 6, and is In a horizontal 
position. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0021 ] The preferred structure and fabrication method 
for a copper-based circuit formed by kinetic spray, ac- 
cording to the present Invention , Is set forth herelnbelow. 
Through experimentation, copper-based circuits fonned 
according to the present invention are demonstrated to 
have thicknesses of up to and exceeding several millim- 
eters per pass. Substantially thicker coatings are obtain- 
able from multiple passes. As a result of such thickness- 
es, copper-based circuits fonned according to the 
present Invention Inherently have high-current and bet- 
ter heat spreading and themnai management capabili- 
ties suitable for high-power electronic applications. 
[0022] According to a preferred embodiment of the 
present Invention, Figure 1 1s across-sectional view par- 
ticularly highlighting a kinetic spray nozzle 10 for direct- 
ing copper particles 1 00 onto one or more silver bond 
layers 62 fonned upon a substrate 60. The spray nozzle 
10 used in the experiments was a de Laval type which 
has a hollow, conic-shaped chamber which defines a 
converging sonic region 12 within the nozzle 10. The 
converging sonic region 12 has a decreasing diameter 
which ultimately fonns a small circular aperture which 
defines a throat 16 within the nozzle 10. Opposite the 
convergingsonicregion 12, another hollow chamberde- 
f inas a supersonic regbn 1 4. The supersonic region 1 4 
diverges and forms a rectangular exit aperture 20 at the 
exit end of the nozzle 1 0. 

[0023] In Figure 1 , the exit aperture of a powder feed 
line 26 Is introduced into nozzle 1 0 at the non-converg- 
ing end of the sonic region 1 2. The powder feed line 26 
thereby serves as means for introducing Into the sonic 
region 1 2 one or more pre-seiected powders containing 
copper particles. Further Incorporated In the non-con- 
verging end of the sonic region 1 2 Is a stmcture having 
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one or more apertures defining a flow stralghtener 22. 
The flow stralghtener 22 serves as means for permitting 
the streamlined Introduction of a gas Into the non-con- 
verging end of the sonic region 12. The gas Is directed 
through the flow stralghtener 22 by a gas conduit 28 
leading from an In-line gas heater 32. According to a 
prefen^ed embodiment of the present Invention, the gas 
heater 32 can produce a gas temperature as high as 
650'' C. Incorporated within the gas conduit 28 is a ther- 
mocouple 30 which monitors the temperature of the gas 
passlngthrough the conduit 28. In this arrangement, the 
sonic region 12 defines a mixing chamber 1 8 In which 
a powder Introduced by the feed line 26 and a gas In- 
troduced by the flow stralghtener 22 are mixed before 
being expelled via the throat 1 6 and the supersonic re- 
gion 14 of the nozzle 10. In order to detemnlne the pres- 
sure within the mixing chamber 18, a pressure sensor 
24 Is used. 

[0024] Figure 2 shows the general layout of a Idnetic 
spray system In accordance with the present invention. 
Consistent with the present Invention, it is to be under- 
stood that other spray systems, such as, for example, 
the spray system disclosed In United States Patent 
Number5,302,414, Issued to Alkhlmov etalon April 12. 
1 994, and as disclosed in allowed Serial No. 09/343,01 6 
owned by the assignee of the present invention, each 
of which are Incorporated herein by reference in its en- 
tirety, is adaptable for utilization consistent with the 
present Invention as well. However, as particularly illus- 
trated In Figure 2, the nozzle 1 0 and gas heater 32 are 
situated within a spray deposition chamber 42. The 
chamber 42 has a vent 38 which permits the evacuation 
of gas and/or particulates via a conduit 40 which Is con- 
nected to, for example, a dust collector. Also within the 
chamber 42 is a target mounting pad 34 which Is sup- 
ported on a manlpuiatable x-y-z rotation motion stage 
36. The target mounting pad 34 is selectively moved and 
positioned relative to the exit aperture 20 of the nozzle 
1 0 by the motion stage 36. 

[0025] Further In Figure 2, situated outside of the 
spray deposition chamber 42 Is a high-pressure powder 
feeder 44. A pref enred powder feeder is sold by Powder 
Feeder Dynamics, Inc.. under the designation Markx- 
ulrd Precision Powder Feeder. The powder feeder 44 
delivers one or more powders, connprising copper par- 
ticles or an alloy thereof, into the mixing chamber 1 8 of 
the nozzle 1 0 via the powder feed line 26. Also situated 
outside of the chamber 42 is an air compressor 58 pneu- 
matically connected to an air ballast tank 48 via an air 
conduit 54. in this preferred experimental arrangement, 
the air compressor 58 Is preferably a Bauer-type air 
compressor which provides pressures of up to about 3.4 
i^Pa (500 psi). The compressor 58 delivers pressurized 
air or gas Into tank 48, which serves as a temporary res- 
ervoir of pressurized air or gas, for ultimate delivery into 
heater 32 via a conduit 46. 

[0026] Further included In the general layout of the ki- 
netic spray system of Rgure 2 is a computer 52 with 



user monitor 50. The computer 52 is electronically con- 
nected via a computer control line 56 to the above-de- 
scribed components of the kinetic spray system, in par- 
ticular, the computer 52 serves to control and monitor 

5 the gas Inlet temperature within the nozzle 10 by elec- 
tronically controlling the temperature of the In-line heat- 
er 32 and by electronically sensing the gas temperature 
with the thermocouple 30. In addition, the computer 52 
monitors and controls the gas Inlet pressure within the 

10 nozzle 1 0 by electronically controlling the air compres- 
sor 58 In response to the pressure within the mixing 
chamber 1 8 detennlned by the pressure sensor 24. The 
Inlet pressure and the powder feed rate associated with 
the powder feeder 44 are also monitored and controlled 

19 by the computer 52. Finally, the computer 52 also con- 
trols the rate and direction of movement of the motion 
stage 36. in this way, the rate of movement and posi- 
tioning of the target mounting pad 34 with respect to the 
exit aperture 20 of the nozzle 10 Is closely controlled. 

20 [0027] Referring back to Figure 1 , a target according 
to the present invention Is detachably mounted to the 
mounting pad 34. in particular, the target comprises an 
electrically Insulative substrate 60 having, In this em- 
bodiment, horizontal bond layers 62 formed on the sub- 

25 strata 60. According to a preferred embodiment of the 
present invention, the substrate should have a break- 
down voltage of at least 500 volts for automotive appli- 
cations, and of that order for SCR's, high power MOS- 
FETs and microprocessors in non-automotive appllca- 

30 tions and comprises, but is not limited to, insu lators such 
as aluminum-oxide (alumina. AI2O3), aluminum-nitride 
(AIN) or boron-nitride (BN). Such substrate materials 
are preferred because of their beneficial themiai man- 
agement and heatspreadlngcapabllltlesas well as their 

ss desirable breakdown voltages. In particular, alumina 
has a thermal conductivity of about 25 to 35 Watts/(m 
and a breakdown voltage of about 1x10^ volts/me- 
ter. Aluminum-nitride, on the other hand, has a thermal 
conductivity of about 175 to 220 Watts/(m *K) and a 

40 breakdown voltage of 1 .5x1 0^ volts/meter. Lastly, bo- 
ron-nitride has a themrial conductivity of about 700 
Watt8/(m ""iC). The bond layers 62, in turn, preferably 
comprise silver or a silver alloy, such as a silver-palla- 
dium composition having a three-to-one (3:1) weight ra- 
tlo, or a siiver-platlnum connposltlon having 99:1 weight 
ratio. Sliver or a sliver alloy is utilized because silver has 
Inherent plasticity and, therefore, can soakup the kinetic 
energies of the copper particles as they Impact the bond 
layers 62 for successful deposition. However, utilizing 

50 sliver in the bond layers 62, as opposed to utilizing sil- 
ver-palladium or silver-platinum, is generally preferred 
since a silver-palladium or sllver-platlnum composition 
Is generally more expensive than silver alone. Moreo- 
ver, It Is possible to spray relatively thick copper layers 

55 on the silver, and the palladium is not required. This Is 
because the thick copper inhibits the tin and silver dif- 
fusion thereby eliminating the growth of brittle tin-silver 
compounds at the welded Joint. The bond layers 62 are 
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formed upon the substrate 60 before the substrate 60 Is 
detachably mounted to the mounting pad 34 for spray- 
ing. Silver-based material Is not the only possible bond 
material. Any plastically deformabie materia) would suf- 
fice, such as metals Including, but not limited to, Ni, Cu, 5 
Zn, Nb, Ta, W, Sn, Sb, and mixtures thereof. 
[0026] The bond layeis 62 are preferably fonned by 
a conventional screen printing technique and facilitate 
the deposition of the copper particles upon thesubstrate 
60. Copper particles which would not otherwise adhere 
very well to the substrate 60 are deposited onto the sub- 
strate 60 with a bond layer 62. It is to be understood that 
the bond layers 62 are printed onto the substrate 60 In 
predetermined patterns to thereby define the ultimate 
circuit patterns fonned when the copper particles are de- 
posited onto the bond layers 62. Alternatively, the cop- 
per partlclesize distribution can be adjusted sothatthey 
will adhere to the substrate 60 without the silver bond 
layer. Copper particles In the size range of 25 to 45 mi- 
crometers have been deposited on and adhered to alu- so 
mina substrates without a silver bond layer by the meth- 
od of the invention. The best adhesion was achieved for 
copper particles less than 25 micrometers. Therefore, 
copper particle size distribution can be adjusted so that 
they adhere well to the substrate. It is preferred to have 
partldeslze of 25 microns or less. The lower llmltto par- 
ticle size Is a practical one since If particles are too small, 
on the order of 5 microns or less, they tend to drift away 
due to aerodynamics rather than deposit on the sub- 
strate, so 
[0029] As illustrated In Figure 1 according to the 
present Invention, a powder of copper-based particles 
Is delivered Into the mixing chamber 16 of the nozzle 10 
via feed line 26 from powder feeder 44. At the same 
time, pressurized and heated gas Is also delivered into 3s 
the mixing chamber 1 8 via conduit 28 from in-line heater 
32. As a result, the copper particles are entrained within 
the streamlined flow of a carrier gas established by the 
flow stralghtener 22 to thereby fornn a Jet. As the carrier 
gas and the copper particles move through the throat 
1 6 of the nozzle 10, both the cariler gas and the copper 
particles 1 00 exit the nozzle 1 0 at supersonic velocities. 
More particularly, the nozzle 1 0 facilitates carrier gas ve- 
locities greater than 1 000 m/s while copper particle ve- 
locities range from about 500 m/s to about 600 m/s. In <^ 
general, copper particle velocities are dependent on 
particle size such that the smaller copper particles have 
velocities which generally approach the maximum car- 
rier gas velocity while the larger copper particles have 
slower velocities, in this way, the copper particles 100 so 
are expelled from the nozzle 1 0 via the exit aperture 20 
such that, ultimately, the copper particles 101 are de- 
posited onto a bond layer 62 fomfied on the substrate 
60. Once deposition of the copper particles Is complete 
and the copper circuit is thereby formed over the bond ss 
layers 62 on the substrate 60, kinetic spray processing 
according to the present invention is then complete. 
Thus, the substrate 60 can then be removed from the 



mounting pad 34. 

[0030] In the above-described kinetic spray system, it 
should be noted that the exit aperture 20 of the nozzle 
10 Is selectively spaced away from the bond layers 62 
on the substrate 60 by a predetemiined standoff dis- 
tance 64. The standoff distance 64 can be adjusted by 
computer-controlled manipulation of the motion stage 
36. In addition, It Is also important to note that the pur- 
pose of heating the gas within the kinetic spray system 
with the heater 32 Is not to heat the copper particles but 
rather to Increase the velocity of the carrier gas through 
the nozzle 1 0. More particularly, the carrier gas is heated 
to increase the shock wave velocity in the gas. As a re- 
sult, the velocities of the copper particles are also in- 
creased as they move with the carrier gas through the 
nozzle 10. In this way, the rate of copper deposition can 
generally be controlled by merely controlling the tem- 
perature of the carrier gas. That Is, in general formulaic 
temns, the velocities of the copper particles are directly 
related to the square root of the temperature of the car- 
rier gas, and the velocities of the copper particles are 
Inversely related to the square root of the mass of the 
cannier gas. In the kinetic spray system according to the 
present Invention, the carrier gas temperature Is gener- 
ally maintained within the range of about 1 0O^C to about 
SOO^C. Of course. In the process, the copper particles 
are vicariously heated as well, but only to temperatures 
well below the melting temperatures of the copper par- 
ticles. In particular, copper has a melting temperature of 
about lOeS'^C (1357*i<). Thus, the maximum tempera- 
ture of the carrier gas in the kinetb spray system ac- 
cording to the present invention is only about one-half 
0^) of the melting temperature of the copper particles. 
As a result, the copper particles Impact the silver bond 
layers 62 in solid fomri, not molten fomn. Furthemnore, if 
a particularly high carrier gas velocity Is desired, helium 
should be utilized in the kinetic spray system Instead of 
air, for helium has a smaller molecular weight than air, 
and the shock wave velocities scale Inversely with the 
square root of the molecular weight of the gas. 
[0031] Figure 3 is a side view Illustrating the deposi- 
tion and plastic defomiatlon of copper particles onto the 
bond layer 62 formed upon the substrate 60. According 
to the present Invention, the copper particles are neither 
melted nor softened prior to Impingement onto the bond 
layers 62 of the substrate 60. According to the present 
Invention, the copper particles are roughly spherical and 
are sieved to have particle diameter sizes of about 15 
to 150 microns, but could be 45 to 63 microns, and are 
accelerated to high linear rates of speed such that the 
copper particles are plastically defomried and deposited 
onto the bond layers 62 of the substrate 60. The plastic 
defonnation of the copper particles Is the result of par- 
ticulate kinetic energy being converted to mechanical 
defomiation, strain energy and thennal energy upon Im- 
pact with the substrate 60. That is, in order for a given 
copper particle to adhere, the colllston with the bond lay- 
er 62 cannot be purely elastic. Instead, the collision must 
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be substantially Inelastic, and the copper particle must 
lose enough of Its kinetic energy such that It cannot es- 
cape from the bond layer 62 formed on the substrate 60. 
According to the present invention, the bond layer 62 
facilitates the transference of the kinetic energy of a cop- 
per particle to ensure indirect adhesion to the substrate 
60. To even further help ensure this transference of ki- 
netic energy, the copper particles, according to the 
present Invention, are directed substantially nomnal to 
the surface of the bond layers 62 on the substrate 60. 
In another embodiment, no bond layer is required. Rath- 
er, the kinetic energy of the copper particles is trans- 
ferred to themnal and mechanical energies primarily by 
plastic defonnation of the copper particles upon Impact 
directly with the eiectrically Insulating substrate. 
[0032] As a result of the Impact with the bond layers 
62 on the substrate 60, the aspect ratios of the copper 
paitides are substantially changed such that the copper 
particles become somewhat pancake-like and are de- 
fonned Into confomnatlon with the substrate 60 and with 
each other. That is, after the Initial copper particles im- 
pact and adhere to the bond layer 62 of the substrate 
60, the subsequent copper particles then impact the pre- 
viously-deposited particles, defomn, and bond to pro- 
duce a rapidly increasing copper coating over the bond 
layer 62 on the substrate 60. As the copper particles ac- 
cumulate over the bond layers 62, the copper particles 
also tend to mechanically interlock with each other as 
weii. in addition, the conversion of the particulate kinetic 
energy to themnal energy upon Impact may cause ther- 
mal softening of the copper partteles which also facili- 
tates their bonding and/or interlocking with each other 
As layers of copper particles are deposited over the 
bond layers 62, the early deposited copper layers 
fomied closest to the bond layers 62 tend to have rela- 
tively low overall porosities. As a result, good electrical 
conductivity through the copper lines fomned on the 
bond layers 62 Is achieved. 

[0033] As Figured illustrates, the bonding mechanism 
for the kinetic spray process according to the present 
invention is a complex process Including both particle- 
bond layer interaction and particle-particle Interaction, 
in particular, copper particles 1 04 which first impact the 
bond layer 62 at high velocities tend to deform and pro- 
duce craters In the surface of the bond layer 62 and ul- 
timately define a first-layer build up of particles on the 
bond layer 62. The range of kinetic energies of the first 
copper particles 104 includes energies both sufficient to 
crater the bond layer 62 and not bond thereto and suf- 
ficient to crater the bond layer 62 and successfully bond 
thereto. These first copper particles 104 are the most 
prone to extensive plastic defonnation. Some mechan- 
ical bonding also occurs In this first layer of copper par- 
ticles 104 as the particles defomn and fill voids In the 
cratered surface of the bond layer 62. Those copper par- 
ticles whk:h bond directly to the bond layer 62 thereby 
provide a bonding surface for subsequent Incoming cop- 
per particles. 



[0034] Further In Figure 3, after the first layer of cop- 
per particles 104 is established, a second layer of cop- 
per particles 103 Is formed over the first layer 104 
wherein the particles comprising the second layer are 

5 plastically defomried and confomied to fill the particle 
voids defined by the first layer of particles 104. in this 
second layer of copper particles 1 03. void reduction be- 
tween particles occurs to the point where mechanical 
interlocking and partlcle-to-particle bonding Is achieved. 

10 Last incoming copper particles 1 02 Impact and peen the 
second layer of particles 103 thereby generally contrib- 
uting to the void reduction and mechanical Interlocking 
between particles in the second layer. These last parti- 
cles 1 02 are not plastically deformed to the extent of the 

15 first and second layers of particles and generally expe- 
rience m In Imai particle deformation . However, these last 
particles 1 02 tend to rotate and realign themselves upon 
Impact so that they follow paths of least resistance and 
fill voids established by the second layer of particles 

so 103. Due to the minimal deformation of the last particles 
102, the copper layer defined by these last particles 1 02 
has more voids and is, therefore, more porous than both 
the first layer of particles 104 and the second layer of 
particles 103. More particularly, the copper layer defined 

25 by these last particles 1 02 is characterized by having 
minimal mechanical Interlocking, minimal heat genera- 
tion, and minimal partlcle-to-partlcle bonding. 
[0035] Once deposition of copper particles according 
to the present invention is finished, the substrate 60 can 

30 then be removed from the mounting pad 34 of the kinetic 
spray system. Figure 5 is a partial sectional and a partial 
perspective view of the substrate 60, after copper dep- 
osition, with parallel strips of bond layers 62 having lay- 
ers of deposited copper particles 1 06 thereon . The basic 

ss copper-based circuit configuration in Rgure 5 Includes 
an electrically Insulatlve substrate 60, a bond layer 62 
which is formed over select portions of the substrate 60 
according to a desired shape of the circuit, and an elec- 
trically conductive layer 106 Including plastically de- 

"fo fomned particles of copper deposited on the bond layer 
62. The substrate 60 may comprise electrical insulators 
including, but not limited to, aluminum oxide, aluminum 
nitride, or boron nitride. The bond layer 62 preferably 
includes silver or a silver alloy, such as, for example, 

<9 silver-palladium. Silver-based material Is not the only 
possible bond material. Any plastically deformable ma- 
terial would suffice, such as metals including, but not 
limited to, Ni, Cu, Zn. Nb, Ta, W, Sn, Sb, and mixtures 
thereof. The bond layer 62 has a preferred thickness of 

so approximately 1 0 to 1 2 micrometers. 

[0036] A very significant advantage of the present in- 
vention is that a copper-based circuit formed by kinetic 
spray according to the present invention generally does 
not require the copper particles to be sprayed through 

S5 a precisely positioned, pre-patterned mask to fomi pre- 
detemriined circuit patterns on the substrate 60. More 
particularly, relatively larger copper particles do not ad- 
here directly to the substrate 60. Since such particles 
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only adhere to the bond layers 62. the kinetic spray sys- 
tem according to the present Invention need only be 
generally directed to the substrate 60 without a mask. 
This arrangement Is readily adaptable for commercial 
use since the copper particles 100 expelled via the exit 
aperture 20 of the spray nozzle 10 will generally only 
adhere to the pre-patterned bond layers 62. Thus, inad- 
vertently misdirecting copper particles onto areas of the 
substrate 60 not covered by the bond layers 62 Is gen- 
erally of no consequence, for the relatively larger copper 
particles generally will not adhere directly to the sub- 
strate 60 Itself. However. In utilizing a kinetic spray proc- 
ess according to the present invention, the strips of bond 
layers 62 must generally be sufficiently spaced apart up- 
on the substrate 60 to avoid undeslred bridging of de- 
posited copper between adjacent strips of bond layers 
62. Figure 4 is an illustration of the bridging phenome- 
non wherein deposited copper particles 1 05 bridge par- 
allel strips of bond layers 62 fomned upon the substrate 
60. As stated, by proper selection of process parame- 
ters such bridging is avoided. 
[0037] Formation of a copper-based circuit by kinetic 
spray according to the present Invention Is further dem- 
onstrated by way of the following examples. 

EXAIVIPLE 1 

[0038] The kinetic spray system equipment utilized in 
this example Is generally Illustrated in Figure 1 and in 
Figure 2. A carrier gas was delivered to the mixing 
chamber 18 via the flow straightener 22 at a pressure 
of about 2 MPa (300 psi) and at a temperature that was 
controlled between 100^*0 and 500'*C. Simultaneously, 
a copper powder was delivered to the mixing chamber 
1 8 at a pressure of about 2.4 MPa (350 psi). The mixing 
chamber 1 8 of the nozzle 1 0 emptied into the throat 1 6. 
and the throat 1 6 had a selected diameter such that the 
carrier gas and copper particles achieved a supersonic 
velocity as they exited the nozzle 1 0. The copper parti- 
cles accelerated to high velocities due to drag effects 
with the carrier gas. Such high velocities caused the 
copper particles to plastically deform as they Impacted 
the bond layers 62 of the substrate 60, thereby forming 
a multi-layered copper-based circuit on the substrate 
60. 

[0039] In this example, aluminum oxide (alumina) 
substrates, measuring 1 40 by 80 millimeters and having 
a thickness of about one miilimeter, were used. The alu- 
mina substrates had screen-printed silver (Ag) bond lay- 
er coatings having thicknesses of approximately 12 mi- 
crometers. IHere, both solid and patterned bond layer 
coatings were used, in addition, the copper powder was 
sieved such that the copper particles generally had di- 
ameters within the range of approximately 45 microme- 
ters to 63 micrometers. The powder delivery was con- 
trolled by the auger speed of rotation of the powder feed- 
er. The standard revolutions-per-mlnute (rpms) used by 
the powder feeder In this example was 500. Increasing 



or decreasing the delivery rate resulted In a correspond- 
ing Increase or decrease in the copper film thickness. 
[0040] In this example, the following spraying condi- 
tions were generally held constant: powder feeder prss- 

5 sure = 2.4 MPa (350 psi), carrier gas (air) pressure = 
2.0 MPa (300 psi), nozzle-to-target standoff distance = 
19 millimeters (0.75 Inch), and powder feeder delivery 
rate - 500 rpm. The variable parameters in this example 
Included the carrier gas temperature (100 to 500°C), 

10 traverse speed of the target, and the size of nozzle uti- 
lized. 

[0041 ] Nozzles of different sizes were used in this ex- 
ample. The standard nozzle was a short nozzle with 
length of entire nozzle 110mm, dimensions of exit aper- 

t5 ture 10mm x 2mm. The other nozzle, was longer than 
the short nozzle and thereby permitted longer residence 
time for the copper particles to accelerate to higher ve- 
locities. The longer nozzle dimension was length of en- 
tire nozzle 300mm. dimensions of exit aperture 26mm 

so X 2mm. 

[0042] With the above kinetic spray conditions in 
place, results demonstrated that spraying copper parti- 
cles over silver-coated alumina produce good adhesion , 
and a continuous layer of copper particles was formed 
25 by the kinetic spray. More particularly, for copper parti- 
cles having diameters of about 45 to 63 micrometers, 
the operating window for various parameters which pro- 
duced a well-adhered layer of copper particles over a 
sliver-coated alumina substrate was determined. The 
so most preferred values for these operating parameters 
are: powder feeder pressure = 2.4 M Pa (350 psi), carrier 
gas (air) pressure = 2.0 MPa (300 psi), standoff distance 
between nozzle and substrate = 1 9 mm (0.75 inch), and 
powder delivery rate = 500 rpm. The carrier gas temper- 
as ature is thought to be material dependent and here was 
about 150^*0 to 635*C (300^ F to 1200'»F). The traverse 
target speed is thought to be dependent on a desired 
coating thickness and here was 13 mm/s. The number 
of spray passes over a target is optional, l-iere, only one 
^0 pass was used. Any number of passes can be used 
based on desired copper thickness. Here, the nozzle 
type was short. 

[0043] Utilizing the above operating conditions in this 
example, the earner gas temperature was varied be- 

^5 tween 150''C and 450''C. At the highest temperature, 
the resultant thickness of the copper particle coating 
was 0.65 millimeters but showed signs of surface oxi- 
dation. Previous experimentation indicated that this ox- 
idation occurred only at the surface and did not pene- 

so trate Into the coating. Samples prepared as per this ex- 
ample had a copper coating thickness of 0.5 mm at 
350''C, and a thickness of 0.1 8 mm at a temperature of 
150^C. Within this temperature range, no signs of sur- 
face oxidation were present. At temperatures below 

55 150°C. however, results indicated that a continuous 
copper coating was difficult to obtain. 
[0044] In this example, for the kinetk: spray system to 
function properly. It was necessary to have a pressure 
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differential of about 0.35 MPa (50 psi) between the pow- 
der feeder pressure and the carrier gas pressure. How- 
ever, when the powder feeder pressure was reduced 
from 2.4 MPa to 1 .6 MPa, and the caller gas pressure 
was reduced from 2.0 MPa to 1 .2 MPa, whiie keeping 
the inlet gas temperature at QSO^'C, a copper film thick- 
ness reduction of 30% and a non-unifomn coating was 
produced. 

[0045] While maintaining the carrier gas temperature 
at dSO^'C.thetraversespeed was changed from 6.5 mnV 
8 to 13, 65, and 130 mm/s. As a result, the correspond- 
ing copper film thicknesses produced were 0.31 mm, 
0.55 mm, 0.07 mm, and 0.02 mm. The general trend for 
the copper film thickness to drop with Increases in the 
traverse target speed Is due to the reduced dwell time 
of the nozzle In front of the target. However, the logic ot 
this trend was generally not applicable to the slower 
traverse speed of 6.5 nrun/s, whereunder the copper film 
thickness actually decreased rather than Increased. 
Such Is thought to be due to the competition between 
the deposition forces attempting to deposit the copper 
particles and the less energetic particles that sand blast 
the sliver-coated surface of the substrate. Slowing the 
traverse target speed down to 6.5 mm/s allowed for en- 
hancing the latter effect, thereby reducing the anticipat- 
ed copper film thickness. Such Implies that an optimum 
traverse target speed exists for a given set of spraying 
parameters. In this example, the thickest copper film at- 
tainable from a single pass deposition was 1 .2 millime- 
ters at a traverse target speed of 1 3 nrim/d and at a car- 
rier gas temperature of SOO'^C. 
[0046] Further in this example. Increasing the standoff 
distance between the nozzle and target to 44 mm (1 .75 
In) from the standard 1 9 mm (0.75 In) resulted In reduc- 
ing the copper film thickness by 50% and also resulted 
In increasing the width of the spray pattern by 20%. A 
further increase in the standoff distance reduced the 
copper film thickness very signifteantly. On the other 
hand, decreasing the standoff distance to 6 mm (0.25 
inch) did not affect the copper film thickness but did re- 
suit in a slightly nan^wer spray pattern. 
[0047] In the above example, all the data was ob- 
tained using the short nozzle, with the length of the noz- 
zle horizontally situated (see Figure 1 ) such that its rec- 
tangular exit aperture was in an upright, vertical position 
(see Figure 6). As such, with the spray nozzle In a fixed 
position, the spray patterns upon traversely and hori- 
zontally moving targets generated horizontal strips 
whch had widths of several millimeters. For the next 
portion of this example, the resolution of the kinetic 
spray process for copper deposition is focused upon. To 
maintain this focus, the short nozzle and one long noz- 
zle, with the rectangular exit apertures In the vertical po- 
sition (see Figure 6) orthe OO^'-rotated position (see Fig- 
ure 7), were individually utilized to generate copper de- 
posits. 

[0048] Utilizing the short nozzle with its exit aperture 
in the vertical upright position as in Figure 6, the width 



of the horizontally sprayed copper strip was over 1 0 mil- 
iimeters. Using a single pass and a traverse horizontal 
target speed of 12 millimeters per second (12 mm/s), 
the resultant thickness of the copper film was about 0.5 

5 mm, depending on the carrier gas temperature, and no 
signs of delaminatlon of the copper film were present. 
[0049] When rotating the short nozzle by 90° such 
that the rectangular exit aperture was situated as In Fig- 
ure 7, the width of the copper spray pattern on a hori- 

10 zontaiiy moving target was reduced to about 3 mlillme- 
ters while the copper film thickness was about 0.3 mil- 
limeter. Thus, even with the short nozzle rotated as 
such, the adhesion of the copper particles to the silver 
coating on the substrate was successfully maintained. 

t5 However, to attain a copper spray pattern having a width 
ot less than 3 millimeters, the copper spray had to be 
directed through a pre-pattemed mask during deposi- 
tion. 

[0050] In contrast to spraying with the short nozzle, 
so spraying with the long nozzle with the exit aperture In 
the upright position (see Figure 6) produced undesirably 
wider patterns than the short nozzle, so only the results 
for the long nozzle when rotated by 90^ (see Figure 7) 
were considered. In particular, copper films were depos- 
es ited in a single pass on horizontally moving targets at 
various traverse target speeds ranging from 25 mnfVs to 
100 mm/s, respectively, while the cannier gas tempera- 
ture was set at about 350'' C. At the lower traverse 
speed of about 25 rnnVs, the deposited copper coating 
30 delaminated and did not sufficiently adhere to the sliver 
bond layer. In contrast, when the traverse speed of the 
horizontally moving target In front of the spray nozzle 
was increased to about 100 mm/s, the adhesion of the 
copper particles onto the silver coating was Improved. 
3s However, although overall adhesion of the copper to the 
silver coating Improved, the thickness of the copper 
coating was only about 0.1 millimeter 

EXA(\/tPLE2 

40 

[0051 ] To further demonstrate the invention, addition- 
al samples were prepared In an attempt to produce cop- 
per films with coating thicknesses of 0.25 to 0.37 mm 
(1 0 to 15 mils). To accomplish such, two batches of sam- 
<9 pies were prepared. In this particular example, however, 
the samples were sprayed through a steel mask (0.4 
mm thick) which was positioned in front of adhesion cou- 
pons (a substrate with multiple sliver bond layers) with 
a clearance of about 2 millimeters. 
50 [0052] The first batch was sprayed with one pass, and 
the carrier gas (air) temperature was set at about 400''C 
(300° F). The traverse tapget speed was set at about 19 
mm/s (0.75 inch/8). At such settings, copper films having 
a thickness of about 0.37 mm (15 mils) were success- 
es fully produced. 

[0053] The second batch was sprayed with two pass- 
es, and the carrier gas (air) tennperature was slightly re- 
duced to 370**C (725** F) in order to avoid surface oxida- 
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tlon. At such settings, copper films having thicknesses 
which exceeded 0.5 mm (20 mils) were successfully 
produced. 

EXAMPLE 3 

[0054] This example demonstrated the operability of 
the method for directly spraying copper particles onto 
ceramics without the use of a bond layer, in this exam- 
pie, copper coating was applied having good adhesion 
to the ceramic substrate for selected particle size. Ini- 
tially, four different size groups of copper powder parti- 
cles were prepared, the ranges were 63 to 90 microm- 
eters, 45 to 63 micrometers, 25 to 45 micrometers, and 
less than 25 micrometers. Each of these groups of par- 
ticles was obtained by sieving. For the smallest group, 
no single particle had a size greater than 25 microme- 
ters. The ceramic substrates were alumina (AlgOs) and 
aluminum nitride (AIN). Both the short and long nozzles 
were used. 

[0055] In this example, the following spraying condi- 
tions were generally held constant: powder feeder pres- 
sure = 2.4 MPa (350 psi), cannier gas (air) pressure = 
2.0 MPa (300 psI), standoff distance between nozzle 
and substrate = 1 9 mm (0.75 inch), powder delivery rate 
= 500 rpm and carrier gas temperature = 370**C (700** F). 
In this example, the experimental set-up was the same 
as shown In Figure 1 , except that the bond layer 62 was 
not present Therefore, the copper particles 1 00 were 
sprayed directly onto substrate 60 and deposited as an 
adhered layer on substrate 60. 
[0056] in one test, It was attempted to spray copper 
particles directly on alumina or aluminum nitride sub- 
strates (without a bond layer) using the powder sizes 63 
to 90 and 45 to 62 micrometers. However, It was not 
possible to form a continuous and uniform coating on 
either substrate. This was found to be the case for the 
two nozzles examined. Thus, although adhered copper 
coating was achieved, It was not of adequate quality for 
microelectronic use. 

[0057] In another test, the powder size range of 25 to 
45 micrometers was sprayed directly on alumina (Ai203) 
and a continuous unlfomri coating was produced using 
the short nozzle. The long nozzle, for the same powder 
size, did not produce a continuous coating on alumina. 
The same Cu powder size (25 to 45 micrometers) was 
sprayed on aluminum nitride substrates (AIN) using both 
nozzles (short and long), it was possible to produce a 
continuous copper coating. 

[0056] Using the smallest powder size (less than 25 
micrometers) it was possible to form copper coatings on 
alumina and aluminum nitride substrates, without a 
bond layer, using both the short and long nozzles. 
[0059] By this example. It was possible for the first 
time, to form a continuous conductive copper path on a 
Insuiatlve substrate without the need for a bond layer to 
facilitate adhesion. This result is striking since It Is now 
possible to prepare conductive paths directly on a sub- 
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strata, economically and with characteristics of adhe- 
sion and continuity suitable for service In an operating 
environment. 

[0060] While the present Invention has been de- 
5 scribed In what Is presently considered to be the most 
practical and pretended embodiment and/or Implemen- 
tation, it is to be understood that the invention is not to 
be limited to the disclosed embodiment, but on the con- 
trary, is intended to cover various modifications and 
10 equivalent arrangements Included within the spirit and 
scope of the appended clalnns, which scope Is to be ac- 
corded the broadest Interpretation so as to encompass 
all such modifications and equivalent structures as is 
pemnitted under the law. 

15 

Claims 

1 . A process for fomning a copper-based circuit, said 
20 process comprising the steps of: 

providing an electrically insuiatlve substrate; 
fomning a bond layer comprising silver over se- 
lect portions of said substrate according to a 
25 desired shape of a circuit; and 

depositing copper on said bond layer by the 
steps of: 

introducing copper particles into a pressu- 
30 rlzed carrier gas; 

forming said pressurized carrier gas and 
said copper particles into a supersonic jet; 
and 

directing said Jet toward said bond layer 
ss formed over said substrate such that said 

Jet has a velocity sufficient to cause plastic 
defomriation of said copper particles onto 
said bond layer, thereby fomning an electri- 
cally conductive layer on said bond layer. 

40 

2. The process according to claim 1 , wherein said sub- 
strate comprises an Insuiatlve material selected 

from the group consisting of aluminum oxide, alu- 
minum nitride, boron nitride, silicon carbide, silicon 
<s nitride, diamond, and mixtures thereof. 

3. The process according to claim 1, wherein said 
bond layer comprises sliver, silver-palladium or sil- 
ver-platinum. 

50 

4. The process according to claim 1, wherein said 
bond layer has a thickness of about 1 0 micrometers 
to about 12 micrometers. 

55 5. The process according to daim 1 . wherein the step 
of fonming abend layercomprising silver over select 
portions of sakl substrate Is achieved by a screen 
printing technk|ue. 
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6. The process acx^ordlng to claim 1 , wherein each of 
said copper particles has a particle size of about 25 
micrometers to about 150 micrometers. 

7. The process according to claim 1 » wherein each of 
said copper particles has a particle size of about 45 
micrometers to about 65 micrometers. 

8. The process according to claim 1 , wherein said car- 
rier gas has a pressure of about 1 .2 MPa to about 
2MPa. 

9. The process according to claim 1 , wherein said car- 
rier gas has a temperature of about 1 0O'^C to about 
500^C. 

10. The process according to claim 1, wherein said Jet 
is directed substantially normal to the surface of 
said bond layer fomied over said substrate. 

1 1 . The process according to claim 1 , wherein said Jet 
is directed to the surface of said bond layer formed 
over said substrate from a standoff distance of 
about 5 millimeters to about 45 millimeters. 

12. The process according to claim 1 , wherein said Jet 
is directed to the surface of said bond layer formed 
over said substrate from a standoff distance of 
about 19 millimeters. 

13. A process for forming a copper-based circuit, said 
process comprising the steps of: 

providing an electrically insulative substrate; 
providing particles of copper each having a par- 
ticle size of less than about 45 micrometers; 
depositing said copper paiticies on said sub- 
strate by the steps of: 

introducing said copper particles into a 

pressurized cannier gas; 

forming said pressurized carrier gas and 

said copper particles into a supersonic jet; 

and 

directing said Jet toward said substrate 
such that said Jet has a velocity sufficient 
to cause plastic def onnatlon of said copper 
particles onto said substrate, thereby form- 
ing an electrically conductive layer on said 
bond layer. 

14. The process according to claim 1 3 wherein each of 
said copper particles has a size of less than about 
25 micrometers. 

15. The process according to claim 13, wherein each 
of said copper particles has a size of about 5 mi- 
crometers to about 25 micrometers. 
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16. The process according to claim 13, wherein said 
substrate comprises an insulative material selected 
from the group consisting of aluminum oxide, alu- 
minum nitride, boron nitride, silicon carbide, silicon 

5 nitride, diamond, and mixtures thereof. 

17. A copper-based circuit comprising: 

an electrically insulative substrate; 
10 a bond layer comprising sliver formed over se- 

lect portions of said substrate to a desired 
shape of a circuit; and 

an electrically conductive layer comprising 
plastically defomned particles of copper ad- 
hered to said bond layer. 

18. The copper-based circuit according to claim 13, 
wherein said substrate comprises an insulative ma- 
terial selected from the group consisting of alumi- 

so num oxide, aluminum nitride, boron nitride, silicon 
carbide, silicon nitride, diamond, and mixtures 
thereof. 

19. The copper-based circuit according to claim 16, 
25 wherein said bond layer comprlsessiiver. sitver-pal- 

iadlum orsih^er-platinum. 

20. Acopper-basedclrcuitcomprlsing an electrically In- 
sulated substrate and an electrically conductive lay- 

30 er comprising plastically deformed particles of cop- 
per adhered to said substrate. 

21. The copper-based circuit according to claim 20, 
wherein said substrate comprises an insulative ma- 

35 terial selected from the group consisting of alumi- 
num oxide, aluminum nitride, boron nitride, silicon 
carbide, silicon nitride, diamond, and mixtures 
thereof. 
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